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polarization controller (PC) is used in the cavity to change both the number of lasing lines and spacing of the multi-wavelength laser [8, 9] .
There are also other methods to get simultaneous multi-wavelength outputs such as multiwavelength Raman lasers [10, 11] , multi-wavelength generation using semiconductor optical amplifiers (SOA) [12] and multi-wavelength Brillouin fiber lasers (BFLs) [13, 14] . Special fibers such as dispersion compensating fibers (DCFs) have been used to increase the Raman gain in multi-wavelength Raman fiber lasers where the output power are limited only by the available pump sources [15] . Furthermore, the BFL is easier to be generated due to the lower threshold pump power [16] .
Of the various approaches, the interest on the multi-wavelength fiber laser is increasing due to the improvements in number of lasing lines and power flatness. Furthermore, the Brillouin Erbium fiber laser (BEFL) is easier to be generated due to the lower threshold pump power for achieving the stimulated fiber laser [17] . Recently, the hybrid of EDFAs and new compact optical fibers like PCFs as a gain medium have many applications for producing amplifiers and fiber lasers.
Photonic crystal fiber ring laser
Photonic crystal fibers (PCFs) have generated great interest over the past few years, growing from a research-oriented field to a commercially available technology. The PCFs were first developed by Philip Russell in 1998, and can be designed to possess enhanced properties over (normal) optical fibers. They can be divided into two fundamental classes, solid-core and hollow-core as shown in Figure 1 . The solid core PCF is used in this report that is two dimensions (it has a periodic geometry in two directions and is homogeneous in the third) and we already introduced physical properties of that in table 1. Figure 2 shows an electron micrograph of the cross section of this solid core PCF. Despite the hexagonal structure of the cladding, the mode field is very similar to that of the fundamental mode of a conventional fiber. The optical properties of PCFs rely on the specification of the size, shape and arrangement of the holes that surround a solid core to (a) (b)
form a cladding. These parameters can easily be tailored to increase fiber nonlinearity, which is difficult to achieve using conventional fibers. The highly nonlinear PCFs have many applications such as wavelength conversion [18] and Brillouin fiber lasers (BFLs) [13] . So far, few reports have been published on the Brillouin effects in PCFs [18, 19, 20] . The stimulated Brillouin scattering (SBS) is a nonlinear effect that results from the interaction between intense pump light and acoustic waves in a fiber, thus giving rise to backward propagating frequency shifted light [13] . In BFL applications, the required gain medium length can be substantially reduced using a holey fiber to replace the conventional SMF-28 Fiber of Corning Inc. [21] . However, most of the earlier works on PCF based BFLs are mainly on a single wavelength operation [21] .
Fiber
In this research, the fibre ring structure based on PCF can be used to make a very stable wavelength and narrow line-width laser. A conceptual structure of such a laser is very similar to a fibre ring resonator. In the ring configurations, a very short length of PCF (20 m) is added in the ring cavity BEFL in the proposed configurations to achieve a stable single and multi-wavelength laser generation. Figure 3 shows the experimental setup of the proposed PCF-based BEFL. The ring resonator consists of a circulator, a 20 m long PCF, a polarization controller (PC), two isolators and a bi-directionally pumped 215 cm long Bi-EDF. The PCF used is a polarization maintaining type with a cut-off wavelength of 1000 nm, zero dispersion wavelength of 1040 nm, nonlinear coefficient of 33.8 (W.km) -1 at 1550 nm and a mode field diameter of 4.2 μm near zero dispersion wavelength. The Bi-EDF is pumped bi-directionally using two 1480 nm lasers. Optical isolators are used to block the Brillouin pump (BP) from oscillating in the cavity and also to ensure a unidirectional operation of the BFL. The PC is used to control the birefringence (breakage of a light ray into two different directions therefore creating two separate light rays) of the ring cavity, so that the power of the laser generated can be controlled. The experiment executed using 3 different types of couplers the 80/20, 90/10 and 95/5 and the output for BFL is tapped from the leg with the smaller coupler ratio before it is characterized using an optical spectrum analyzer (OSA). The BP is injected into the ring cavity and then PCF via the circulator to generate the backward propagating Stokes light at opposite direction. However, since the PCF length is not sufficient enough, the back-scattered light due to Rayleigh scattering is relatively higher than the Stokes light. Both back-scattered pump and the Stokes lights are amplified by the bi-directionally pumped Bi-EDF and it oscillates in the ring cavity to generate first Stokes in an anti-clockwise direction. This oscillation continues and when the intensity of the first Brillouin Stokes is higher than the threshold value for Brillouin gain, the second order SBS is generated in clockwise direction and this signal is blocked by the isolator in the cavity. However, the back-scattered light from second SBS will be amplified by the Bi-EDF. Hence, the nonlinear gain by both PCF and Bi-EDF only amplifies the Stokes light and thus the Stokes light is more dominant and laser is generated at the Stokes wavelength. The spacing between the BP and the BFL is obtained at approximately 10 GHz, which is equivalent to the Stokes shift in the single mode fiber (SMF).
Results and discussion
The operating wavelength of the BFL is determined by the bi-directionally pumped Bi-EDF gain spectrum which covers the L-band region from 1560 nm to 1620 nm as well as the cavity loss. For comparison and the effect of different cavity resonators, three kinds of output couplers selected. Figure 4 shows the free running spectrum of the BEFL, which is obtained by turning off the BP for three different output coupler ratios; 80/20, 90/10 and 95/5. The output laser is taken from the leg with a lower portion. The peak wave generated at approximately 1574 nm with bandwidth of approximately 3 nm due to the difference between Bi-EDF's gain and cavity loss is the largest in this region. The chosen BFL operating wavelength must be within or close to the bandwidth of free running BFL. Therefore, the BP is set within 1574 nm region which is within the lasing bandwidth of the free running BFL. At the coupling ratio of 80/20, the free-running BFL exhibits the highest peak power of approximately -6 dBm with 20 dB bandwidth of approximately 1 nm. The cavity loss is the lowest with 80/20 coupler and therefore the peak power is the highest. 
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Figures 5 (a), (b) and (c) show the output spectra of the BEFL at different output coupler ratios of 80/20, 90/10 and 95/5, respectively. The experiment was carried out for three different pump powers. Both the 1480 nm pumps are set at the same power and power of each pump is varied from 60 mW to 135 mW. The threshold of the BEFL is observed to be around 60 mW for all setups. At pump power below of 60 mW (threshold) the Erbium gain is very low and cannot sufficiently compensate for the loss inside the laser cavity and thus no Stokes are observed. When increasing the 1480 nm pump power the number of wavelength generated is increased and the anti-Stokes wave also surfaced, which attributed to the increment of the Erbium gain with the pump power. This situation provides sufficient signal for SBS as well as the four wave mixing (FWM) to generate Stokes and anti Stokes.
Besides that SBS, the Kerr effect or the quadratic electro-optic effect (QEO effect) was found in 1875 by John Kerr, a Scottish physicist. The Kerr effect describes a change in the refractive index of a material in response to an intense electric field. The index change is directly proportional to the square of the electric field instead of the magnitude of the field. In Kerr effect, the nonlinear phase shift induced by an intense and high power pump beam is used to change the transmission of a weak probe through a nonlinear medium [7] as such as PCF and Bi-EDF. Thus the change in the refractive index is proportional to the optical intensity and lead to nonlinear scattering and frequency shift.
However, the FWM is another nonlinear effect, which is due to the third-order electric susceptibility is called the optical Kerr effect. The FWM is a type of optical Kerr effect, and occurs when light of two or more different wavelengths is launched into a fiber. FWM is also a kind of optical parametric oscillation [22] .
The FWMs in PCFs can occur at relatively low peak powers and over short propagation distances, and such processes can be possible in a much wider wavelength range (e.g. more than 120 nm). The FWM can be very efficient at the zero-dispersion wavelength. Besides the obvious advantage of shorter fiber requirement; the use of PCF would allow the operation of these nonlinear devices in the wavelength regime outside that of possible using conventional fibers. This is because, PCFs can have zero dispersion wavelength ranging from 550-1550 nm.
In this experiment, more than 13 lines are obtained at the maximum 1480 nm pump power of 135 mW with wavelength spacing of approximately 0.08 nm for the BEFL configured with 95/5 output coupler as shown in Figure 5 (c). Below of this input power, the number of lines decreased by 95/5 output couplers as such as Figures 5(a and b) which shows more restoratively in this kind coupler. However, the number of lines significantly reduced as the cavity loss increases. For instance, only two Stokes are observed with 80/20 coupler as shown in Figure 5 (a). The side mode suppression ratio, which is defined as the power difference between the BFL's peak and the second highest peak (SMSR) are obtained at approximately 27.0 dB, 26.9 dB, 18.8 dB for 80/20, 90/10 and 95/5 couplers, respectively as shown in Figure 5 . The multi-wavelength output of the BFL is observed to be stable at room temperature with only minor fluctuations observed coinciding with large temperature variances. The side modes are mainly due to anti Stokes and additional Stokes of the BFL, which arises due to FWM effect in the PCF.
The extremely FWM effect in PCF leads to the generation of a wave whose spectrum is the "mirror image" of the weak wave, in which the mirroring occurs about the pump www.intechopen.com Figure 6 shows the peak power of the first Stokes for different couplers against the input 1480 nm pump power of each pump (total pump power is double). The BP power and wavelength is fixed at 5 dBm and 1574 nm, respectively. The BEFL starts to lase at 1480 nm pump power of 60 mW which is the threshold power. Below this power, the Erbium gain is very low and cannot sufficiently compensate for the loss inside the laser cavity and thus no Stokes is observed. The output power saturates at 135 mW. As shown in the figure, the peak power is highest with 80/20 coupler and lowest with 95/5 coupler. Hence, we observed higher SMSR in Figure 5(a) . Inset of Figure 6 shows the peak power of the first Stokes against the BP power at various output couplers. This figure shows that the threshold power of around 4~5dBm is required to generate the Stokes with the use of 95/5 output coupler. The threshold power reduces as smaller portion of light is allowed to oscillate in the ring cavity. For instance the threshold power is about 2 dBm with 80/20 output coupler. In this area research, we also compared the results by another ring resonator based PCF. The second experimental setup for the proposed BFL is shown in Figure 7 . The ring resonator is similar to figure 3 but consists of a forward pumped Bi-EDF and only 10 dB output coupler. The Bi-EDF is 49 cm in length and has a nonlinear coefficient of 60 W −1 km −1 at 1550 nm, an erbium concentration of 3250 ppm and a cut-off wavelength of 1440 nm as well as a pump absorption rate of 83 dB/m at 1480 nm as the same of 215 cm long of Bi-EDF. Fig. 7 . Experimental setup for the proposed Bi-EDF and PCF based Brillouin fiber laser [23] .
Without the BP, the larger spacing of 0.57 nm was obtained due to the incorporation of the PCF, which changes the cavity loss and dispersion parameter. The spacing is determined by the cavity length as well as the birefringence state in the cavity, which can be controlled by the PC.
The BP is injected into the ring cavity and a forward pumped Bi-EDF via the circulator to generate the backward propagating Brillouin Stokes and Rayleigh scattered light at Brillouin-shifted and BP wavelengths, respectively. The back-scattered light due to Rayleigh scattering, the reflections of the connectors and splices is relatively higher than the Brillouin Stokes light. Furthermore, the power, back scattered due to SBS, is frequency shifted to higher wavelength, because of the Doppler shift. The SBS will become significant effect, when high powers are used, because it is highly dependent on the intensity.
As we mentioned in Kerr effect, the change in the refractive index is proportional to the optical intensity and lead to nonlinear scattering and frequency shift.
However, both lights are amplified by the forward pumped Bi-EDF and oscillate in the ring cavity to generate a dual wavelength laser. The spacing between the BP and the BFL is obtained at 0.09 nm (~10 GHz) as shown in Figure 9 .
The operating wavelength of this the Brillouin fiber laser set up is determined by the forward pumped Bi-EDF gain spectrum which covers the conventional band (C-band) region from 1525 to 1570 nm as well as the cavity loss. Therefore, the BP wavelength is optimized at 1559.00 nm, which is within the lasing bandwidth of the free-running erbium doped fiber laser (EDFL). The EDFL operates at around 1560 nm region due to the cavity BP www.intechopen.com loss which is lower at the longer wavelength. Figure 9 compares the BP and output spectrum of the proposed BFL. The 1480 nm pump power is fixed at 150 mW. The BFL is achieved at 1559.09 nm with the peak power of approximately -12.3 dBm when the injected BP is set at 0 dBm. The 3 dB bandwidth of the BFL is measured to be approximately 0.02 nm limited by the OSA resolution. The SMSR is obtained at approximately 12 dB as shown in Figure 9 . The anti-Stokes is also observed which arises due to FWM effect in the ring cavity.
However, the stimulated single wavelength BFL is obtained due to the SBS effect, which is more dominant especially in the PCF. The BFL output is observed to be stable at room temperature too.
Conclusion
In The first volume of the book concerns the introduction of photonic crystals and applications including design and modeling aspects. Photonic crystals are attractive optical materials for controlling and manipulating the flow of light. In particular, photonic crystals are of great interest for both fundamental and applied research, and the two dimensional ones are beginning to find commercial applications such as optical logic devices, micro electro-mechanical systems (MEMS), sensors. The first commercial products involving twodimensionally periodic photonic crystals are already available in the form of photonic-crystal fibers, which use a microscale structure to confine light with radically different characteristics compared to conventional optical fiber for applications in nonlinear devices and guiding wavelengths. The goal of the first volume is to provide an overview about the listed issues.
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